In the present investigation nano copper ferrite, CuFe 2 O 4 (CF) is synthesized by one pot energy saving solution combustion synthesis. The combustion derived copper ferrite nanoadsorbent is characterized by powder X-ray diffraction, Fourier transform infra-red spectroscopy, scanning electron microscopy, transmission electron microscopy and UV-Vis spectroscopy. The magnetic behavior is studied by Vibrating sample magnetometer measurements and the results shows it's a soft ferromagnet with low saturation magnetization and coercive effect. CF nanopowder is used as good magnetically separable nanoadsorbent. Adsorption property is evaluated by the removal of malachite green, a dye which is widely used by many industries, from its aqueous solution. Various parameters like contact time (5-30 min), adsorbent loading (0-45 mg) are investigated systematically by batch experiments. Adsorption isotherms and kinetic studies also conducted which shows that the adsorption follows pseudo second order mechanism. The experimental data fitted well with the Langmuir isotherm (R 2 = 0.978), yielding a maximum adsorption capacity of 22 mg/g. The optimum adsorbent dose was found to be 40 mg/L and stirring time experiment reveals that 85% of decolourization was observed for 30 min of stirring at neutral pH which is much more efficient than those reported in literature. Graphical abstract
Introduction
Various Industries like pharmaceutical, food, printing and textile industries use various dyes as redox indicators, biological stains [1] [2] [3] [4] . These industries across the world prefer dumping millions of tons of dye effluents into rivers, as dumping is cheaper than recycling. Many dyes like azo dyes, fluorescein dyes are highly toxic and poisonous. For example azo dyes which are widely used as an industrial colorants in textiles cause toxic effects in human liver cells and also carcinogenic. Fluorescein dyes have been reported to be highly cytotoxic for mammalian tissues, which trigger morphological and genetic alterations [5] . Therefore the disposal of organic dyes into water bodies is a matter of concern. Malachite green is extensively used in many industries as a dye for leather, textiles and also in aquaculture industry to control fish parasites and disease. The use has increased so much because of its easy preparation and low manufacturing cost. Malachite green is classified as a class II health hazard and they pose toxicity (mutagenicity, genotoxicity) to the aquatic organisms like fish, algae, bacteria etc. and it's proved to be highly carcinogenic and is banned by many countries [6] .
The removal of organic pollutants and dyes from industries remain as a challenge as these dye molecules are difficult to decompose. Varieties of organic and heavy metal pollutants were removed by nano adsorbents by various research groups [7] [8] [9] [10] . Various methods have been devised for the degradation of dyes in aqueous solution. These include adsorption, biological treatment, advanced oxidation process (AOPS), electrochemical deposition and photocatalysis [11] [12] [13] [14] [15] . All the above said methods are successful to certain extent.
Spinels are the class of compounds of the type M 2+ M 2 3+ O 4 , which has attracted researches because of its versatile properties and applications in various fields [16] . When M 3+ = Fe, we get spinel ferrites with the general formula MFe 2 O 4 and the transition metal spinel ferrites are obtained when M = Cu, Fe, Mn, Ni, Zn etc. These spinel ferrites are studied more due to their magnetic property and semiconducting property [17] . Among all the ferrites, spinel copper ferrite is one of the most important ferrite and finds application as ferro fluids, humidity sensor, gas sensor [18] as catalyst for organic reactions and are used in multilayer chip induction, high speed digital tape or recording disks, rod antennas etc. [19] . In this study, we make use of magnetic property of nano crystalline copper ferrite in the removal of dyes from effluents by adsorption as this property of ferrites is not much investigated. Adsorption property of ferrites depends on its structure and composition which in turn depends on the method of synthesis and the distribution of cations in the crystal lattice [20] . The diverse routes available or adopted to prepare nano-sized spinel ferrites are ball-milling, sol-gel, co-precipitation, hydrothermal etc. [21] . However, these methods are tedious and require lot of time and are expensive.
Here we adopted solution combustion synthesis (SCS) route, which is an excellent technique for preparing nanocrystalline metal oxides with high surface area. This technique is advantageous due to its low processing temperature, short reaction time, and good yield and also we get the particles in its nanocrystalline size [22] . SCS is based on the exothermic reaction and once the reaction is initiated, it undergoes self-sustaining combustion. Thus this method is adapted to synthesis spinel copper ferrite in its nanosize with highly porous structure which is required for good adsorption property [23] . In our study we adopted adsorption method to remove dye from the effluent as its easy and less expensive technique since no energy sources is involved in the process. In most of these cases nanoparticles are used as the adsorbent or as the catalyst for the removal of dye, but these nanoparticles find difficulty in the removal from the treated water, because of its very small size. To overcome this problem the use of magnetic nanomaterials as adsorbent was proposed, wherein these nanoparticles can be removed from the treated water by using an external magnet. Several works has been reported in this direction [24] . Numerous ecofriendly applications in catalysis have been addressed through magnetically recoverable and recyclable nanocatalysts for reduction, oxidation and condensation reactions [25] . This prompted us to investigate the use of magnetically separable spinel copper ferrite nanoparticle as an adsorbent for dye molecule.
Materials and methods
Copper nitrate Cu(NO 3 ) 2 ·3H 2 O, fer r ic nitrate Fe(NO 3 ) 3 ·9H 2 O, glycine (CH 2 NH 2 COOH) and malachite green are purchased from SD fine chemicals and all the chemicals are of analytical grade with 99% purity and are used without further purification. Double distilled water was used for the entire experimental procedure.
Synthesis of copper ferrite
Spinel copper ferrite is prepared by one pot solution combustion method using glycine as fuel. This is a wet chemical process, wherein the fuel, an organic compound and an oxidizer, the metal nitrates of the oxide to be prepared are used as precursors. The typical combustion synthesis procedure followed for the preparation of spinel copper ferrite (CF) is as follows. Cu(NO 3 ) 2 ·3H 2 O and Fe(NO 3 ) 3 ·9H 2 O in the ratio 1:2 is mixed with stoichiometric quantity of glycine calculated by propellant chemistry calculations and is taken in a cylindrical petri dish of 300 mL capacity. To this mixture of nitrates and fuel, ~ 20 mL of doubled distilled water was added and stirred using a magnetic stirrer to get a homogeneous solution. The resulting clear solution was introduced into a pre-heated muffle furnace maintained at 500 ± 10 °C. First solution boils followed by dehydration with the evolution of large amount of gases. At the end of dehydration highly viscous gel was obtained which catches fire at one place and spreads all over the reaction mixture with flames. This combustion sustains for ~ 1-2 min and results in the formation of highly voluminous porous product.
Point of zero charge
The pH PZC (point of zero charge) is the pH when the charge on the surface of CuFe 2 O 4 is zero. The procedure of pH PZC drift method [26] could be described as follows: to a series of 250 mL conical flasks, 50 mL of 0.01 N NaCl was added. Then, the initial solution pH values (say pH initial) were adjusted in range between 2 and 9 with intervals of one using 0.01 N HCl solutions and 0.01 N NaOH. After constant value of pH initial had been reached, 0.010 g of CuFe 2 O 4 was added into each conical flask and caped them immediately. These solutions were stirred for 12 h to reach equilibrium. After 12 h, pH of solution was measured noted as pH final . The pH PZC of CuFe 2 O 4 is the point when pH initial = pH final .
Characterization
Copper ferrite was characterized by powder X-ray diffraction technique (PXRD) PANalytical with diffractometer system, XPERT-3 operated at 40 kV and 30 mA. Surface morphology was characterized by a field emission scanning electron microscope (FESEM, Hitachi S4800) and a high resolution transmission electron microscope (HR-TEM, FEI Tecnai G2 F20). Further the structure was analyzed by Fourier transform infrared (FTIR). The magnetic measurements were carried out at room temperature using vibrating sample magnetometer, VSM 7410 (Lake Shore Cryotronics, Inc.).
Results and discussion

Characterization of copper ferrite
Powder X-ray diffraction technique (PXRD)
The phase composition of the sample synthesized was determined by powder X-ray diffraction. XRD graph given in [28] . The estimated 'a' and d hkl values were found to be 8.4 nm and 2.5 Å respectively which are in good agreement with the standard values as reported elsewhere [29] . The crystallites size (D) has been calculated using line broadening of most intense (311) peak using Scherrer's equation [30] as given in Eq. (1) Where D is the crystallite size, β is the full width half maximum, λ is the X-ray wavelength and θ is the Bragg's angle. The average crystallite size estimated was ~ 17 nm.
Fourier transform infrared spectrum (FTIR)
The FTIR spectra recorded for CuFe 2 O 4 nanoparticles in the range between 4000 and 450 cm −1 are shown in Fig. 2 . The spectra give information about the chemical, molecular structure and impurities present in the synthesized ferrites. Absorption bands appear one at 528 cm −1 , which is attributed to stretching vibration of octahedral group Fe-O stretching [31] and another band at 451 cm −1 are attributed to the tetrahedral group Cu-O stretching bands [32] . The other peaks at 3425 and 1651 cm −1 corresponds to the adsorbed H 2 O, NO 3 [33] onto the surface of the spinel ferrites respectively. The adsorption of H 2 O is typical of nanomaterials and the presence of NO 3 might be due to the nature of precursors used.
Specific surface area
Specific surface area (SSA) is one of the essential material parameters for nano adsorbents. Various parameters determine the surface area of the adsorbent such as shape, particle size, surface morphology and size distribution. In addition porosity is also one of the important factor on which SSA depends. It is well reported in the literature that solution combustion derived products exhibits high surface area due to the fact that the exothermicity during the combustion is long enough for the particle formation but too short for grain growth [34] . Figure 3 shows the surface area and pore size distribution of the CuFe 2 O 4 adsorbent evaluated from nitrogen adsorption and desorption isotherms. The BET surface area of CuFe 2 O 4 derived from solution combustion synthesis is found to be 128 m 2 /g. Figure 3b shows the pore size distribution which are calculated using the Barrett-Joyner-Halenda (BJH) model. For this calculation, N 2 isotherms are used. The pore size distribution of the sample show that pore diameter 5-30 Å with a maximum at about ~ 5 Å.
Scanning electron microscopy (SEM)
The morphology of the prepared sample was performed using SEM (scanning electron microscope). Figure 4a , b gives the images of copper ferrite at different magnifications. The secondary electron images were taken at different magnifications to study the morphological and their composition of elements was analyzed by EDAX (not shown here). It can be seen from SEM micrographs that the morphology of the samples shows agglomerated clusters with huge voids and pores. The agglomeration of the product is typical of the solution combustion product and is attributed to the higher temperature produced during synthesis. The voids and porous structure can be attributed to the gaseous by products during exothermic reaction [35] .
TEM studies
Figure 5a-c shows the TEM and HRTEM images of copper ferrite respectively. From the images it is clear that combustion derived copper ferrite show highly agglomerated mass of particles with narrow size distribution. It is important to mention here that due to high exothermic nature of combustion using glycine as fuel resulted in local sintering of Where M W is the molecular weight of the sample and M s is saturation magnetization and the obtained value is 0.78. Magneto-crystalline anisotropy is intrinsic property of materials and it plays major role in coercivity. The anisotropy constant (K α ) was estimated according to Stoner-Wohlfarth theory [36] using the relation given below.
Magnetic studies
The anisotropy constant estimated was 3.27 × 10 3 erg.cm −3 . To know the isotropic nature of the sample, the remanence ratio of samples was estimated using R = M R /M R M s ·M s and found to be 0.222. Magnetic results confirm the partially inverted CuFe 2 O 4 particles with noncollinear spin structure and the decomposition of this ferrite into Fe-Cu-O phase leads to smaller quantity of CuO. Thus a low value of coercivity with moderate saturation magnetization can be achieved by using Cu 2+ doped ferrite [37] . The use of Cu 2+ ions for the preparation of ferrite should be beneficial not only for developing the simpler process but also tailoring its magnetic properties [38] . Our results can be further used for developing multi-functional nanocrystalline magnetites useful for effective adsorption.
Adsorption studies
All adsorption studies were carried out using malachite green (MG) as the standard dye.
MG is basically a cationic dye which is classified as triarylmethane dye which exists in its chloride form. Its IUPAC name is 4-4-dimethylaminophenyl-phenyl 2 }Cl with a molecular weight of 327. The intense blue colour of the dye is due to its strong absorption in visible region at 618 nm. Batch adsorption reactions were done in Borosil glass beakers covered with foil paper to avoid photolytic reaction and were stirred on a magnetic stirrer (250 rpm) at room temperature. The standard concentration of malachite green was taken as 10 ppm, from which different aliquots of the sample was taken of the experiment. The concentration of malachite green before and after each experiment was determined by measuring the absorbance in visible region using UV-Vis absorption spectrophotometer. Different parameters like dosage effect and stirring time were studied. All the adsorption studies were done in neutral pH.
Percentage of dye got adsorbed for different adsorbent loading is calculated using the Eq. (5). where C 0 is the initial dye concentration and C e is the dye concentration after adsorption by copper ferrite nanoparticles after time t seconds.
The adsorption kinetics was studied by taking initial concentration of MG as 100 mL of 10 ppm which is allowed to react with combustion derived copper ferrite nanoparticles and stirred under dark for about 45 min. The equilibrium adsorption capacity qe (mg/g) for a given weight of adsorbent (mg) is calculated according to the following Eq. (6) Where C 0 and C e are the initial and equilibrium concentration of the dye respectively and V is the volume of dye solution and m is the mass of the adsorbent.
Effect of nanoadsorbent loading
The optimum adsorbent concentration for the maximum and efficient adsorption of MG is done by varying the adsorbent weight and stirring under dark in similar conditions. 1000 mL of 10 ppm concentration of dye was prepared as stock solution. 100 mL of the stock solution is first stirred under dark without the adsorbent loading to see if any degradation takes place by itself and the absorbance of this solution is noted after 60 min which shows that no degradation of the dye. The effect of adsorbent loading is done by varying the amount of the nanoadsorbent from 5 to 50 mg and stirring it with 100 mL of dye solution under dark for 30 min. Time is kept constant for this batch study. Figure 7a , b shows the influence of dosage of adsorbent loading on UV absorption and percentage adsorption of MG respectively, it is clear from both the graphs that as the amount of the adsorbent increases adsorption capacity also increases. However, batch adsorption studies shows that 85% MG adsorption was achieved for 40 mg of adsorbent loading. Further addition of the adsorbent is not showing much increase; still a slight increase in adsorption could be seen. This is attributed to the increase in the availability of more adsorption sites with increasing adsorbent dosage due to more available surface area, thereby leading to more binding sites for the adsorption of target pollutants onto the surface of the nanoadsorbent [39] .
Effect of contact time
To observe the time taken for the maximum adsorption of the dye on copper ferrite nanoadsorbent, we carried out the experiment at different time intervals by keeping constant weight of 30 mg copper ferrite nanoparticle and the experiment was carried out by varying time of contact. Small aliquot of the reaction mixture was removed every 5 min and centrifuged at 20,000 rpm for 10 min to remove the adsorbent particles and measured the absorbance by UV-Vis spectrophotometer. It is observed that the absorption of light decreased with time and rapid adsorption had taken place in 15 min and reached equilibrium by 30 min. The equilibrium data collected shows that the percentage of adsorption increased with respect to time which is shown in the Fig. 8 .
pH at point zero charge (pH PZC) and mechanism of adsorption
The pH PZC results of the experiments performed with the CuFe 2 O 4 adsorbent, where the pH ranged from 2 to 9. The pHpzc of the CuFe 2 O 4 is found to be 5.4 (figure not shown), which indicates that below the pH PZC value, the surface of CuFe 2 O 4 is positively charged due to protonation [40] , favoring the adsorption of anions. Above the pH PZC , the CuFe 2 O 4 surface has a negative charge which favors the adsorption of cation species. In present case we have carried out the batch adsorption experiments at neutral pH and the MG is a cationic dye. Since the pHpzc is 5.4 above which the surface of CuFe 2 O 4 is positively charged hence favors the adsorption of cationic species MG.
Adsorption modeling
Adsorption isotherm is the study of the relation between the amounts of adsorbate, adsorbed on the surface of adsorbent and temperature. Adsorption isotherm was studied by Langmuir-Hinshelwood model to know the rate constant of adsorption of MG on combustion derived CF nanoparticles. In the present study Langmuir [41] and Freundlich [42] adsorption isotherm models are used to investigate the adsorption of MG on combustion derived CF nanoadsorbent. 
Langmuir isotherm
This model gives an insight into the specific number of sites where the adsorption can take place and to quantify the amount of adsorbate adsorbed on the nanoadsorbent at a given Where C e is the equilibrium concentration (mg/L), Q e is the amount of dye adsorbed at equilibrium, Q o is the monolayer adsorption capacity and b is the energy of adsorption constant called as Langmuir constant. Figure 9a gives Langmuir plot of C e /Q e verses C e which is a linear graph. R 2 value = 0.978 obtained from the graph confirms the applicability of Langmuir isotherm thus concluded that it involves monolayer adsorption with no lateral interaction between the adsorbed molecules.
The Langmuir constants Q o and b were determined from the slope and intercept of the plot and value shows the maximum adsorption capacity produced from the saturated monolayer coverage of adsorbate molecule on the adsorbent surface.
To confirm the favorability of the adsorption process another parameter called equilibrium parameter R L also called separation factor, was calculated from Langmuir's equation as follows. 
studies shows that R L = 0.09 which is very much in agreement with the favorable conditions for adsorption. The adsorption capacity for the CuFe 2 O 4 is found to be 22 mg/g [43] .
Adsorption kinetics
Kinetics of adsorption is an important characteristic in explaining the efficiency of sorption. It explains solute uptake rate, which in turn governs the residence time of the reaction [44] . In order to understand the reaction mechanism of adsorption of malachite green on copper ferrite nanopowder is studied by both Ist order (Fig. 10a) and pseudo 2nd order kinetics (Fig. 10b ) are studied and is explained as follows. For Ist order kinetics, where r is the rate of adsorption, k r is the adsorption coefficient of the reactant, K is absorption coefficient of the reactant and C is the reactant concentration. But when C is very small, the above equation can be expressed as where k is the first order rate constant. When t = 0, C = C o . therefore the above Eq. (10) becomes Figure 10a shows that the first order kinetics is not fitting for this sorption process. Therefore the adsorption kinetics is explained by pseudo second order mechanism.
Pseudo second order
The adsorption kinetics of MG on CF nanoparticles is best explained by pseudo second order rate kinetics which is fitting with the results we got. This suggests that the adsorption rate is affected by the concentration of both dye concentration and the adsorption sites on the adsorbent [45] , which is expressed as follows where q e and q t are the amount of MG adsorbed at equilibrium and at time t respectively, k 2 is the rate constant of the pseudo second order kinetics model of adsorption (g/mg/ min). The adsorption kinetics graph is given in Fig. 10 which gives a linear plot that suggests the pseudo second order model. Slope is calculated from the graph as 1/q e = 0.01983. Therefore q e = 50.42 This accounts that the adsorption is rapid in the first 15 min and further the rate of adsorption is relatively slower and after 30 min it attains equilibrium. The initial high rate of adsorption is attributed to the high porosity and surface area of combustion derived CF nanoparticles.
Recyclability and stability of the adsorbent
An adsorbent is considered as efficient and economical if it shows considerable retention of adsorption capacity. For the application of adsorbent for the real time samples it is expected the adsorbent should retain its adsorption capacity after multiple runs. The recyclability and stability CuFe 2 O 4 adsorbent for the removal of MG is carried out and the results are presented in Fig. 11 . The CuFe 2 O 4 adsorbent after the batch adsorption was filtered using ashless filter paper, washed with deionised water and then heated in order to eliminate the adsorbed MG dye molecules and restore adsorbent surface. Figure 11a shows the results obtained for recycling experiments and from the graph it is evident that up to three cycles there is minimum loss in the removal of MG. However, after three cycles there is considerable decrease in the removal efficiency of MG. The observed decrease might be due to the loss of adsorption sites during regeneration process. The stability of adsorbent after recycling was carried out using FT-IR and the results are shown in Fig. 11b . From the FT-IR spectra it is evident that the adsorbent shows well defined bands at 528 and 451 cm (Fig. 2 ). These 
